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This thesis presents the study on the ferroelectric varactors and their application in 
microwave tunable devices, together with the miniaturization of microwave 
resonators and the application of high temperature superconductor (HTS) in 
microwave ferroelectric tunable devices.  
 
BaxSr1-xTiO3 (BST) was chosen for this study because high tunability in both HTS 
and room temperature applications can be obtained by varying x . The BST thin film, 
as well as the YBa2Cu3O7-δ (YBCO) used in HTS devices, were deposited using 
pulsed laser deposition (PLD). 
 
Spiral resonators are good candidates for microwave miniature resonators. The quality 
factors (Q factors) of three types of generally used spiral resonators (S shape, U shape, 
and single spiral resonators) have been studied by experiments and full wave 
electromagnetic simulation. The effects of line width, gap width and size of the spiral 
on the Q factors of the three types of resonators are discussed in relation to the field 
distribution patterns. Three spiral resonators of different types were fabricated on a 
commercial PCB board using wet etching process. The experimentally measured Q 
factors agree well with the analysis results.   
 
Before the ferroelectric thin films are used in tunable devices, their dielectric 
properties must be measured for the design process. A procedure to include conductor 
loss in interdigital capacitor (IDC) based dielectric constant measurements was 
introduced. The effect of conductor loss and contact resistance can be regarded as a 
 vi
series resistor connected to the IDC. If the thickness of the conductor film is known, 
the conductor loss could be calculated and subtracted from the measurement results. 
In the frequency range where dielectric constant of the material under test does not 
change with frequency, the conductor loss could also be obtained by measuring the 
impedance frequency dependence of the IDC. 
 
A planar tunable HTS microwave phase shifter with patterned ferroelectric thin film is 
presented in this thesis. The circuit is based on a coplanar strips (CPS) transmission 
line periodically loaded with planar varactors. The CPS line is transformed to 
microstrip input/output by baluns. Patterning of the ferroelectric thin film reduces 
conductor loss and eliminates unwanted tuning in comparison with the circuits where 
a whole layer of ferroelectric thin film is used. The circuit was optimized for high 
tunability using analytical equations.  
 
At last, from the experience learned in above studies, a combo varactor combining 
both the structures of a coplanar varactor and a parallel plate varactor is proposed. 
The structure makes use of microwave “transparent” low conductivity thin films as 
DC bias electrodes in the parallel plate shape to apply strong bias electric field, while 
the microwave part takes the shape of a conventional IDC. Theoretical analysis and 
experimental results have proven the feasibility of the novel structure. 
 vii
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The application of ferroelectric materials in tunable microwave devices was first 
introduced in the 1960’s [1-4]. However, real applications of ferroelectric materials 
were limited by device electronics and material technology at that time. In the past 
decade, the great developments in microwave device design and ferroelectric thin film 
deposition and fabrication, as well as the introduction of high temperature 
superconductor (HTS) for microwave waveguide conductor, have drawn intensive 
attention to this subject. There are several reviews on different aspects of tunable 
ferroelectric devices, including both material science and device designs [5-12]. 
Ferroelectric materials are widely used in microwave tunable components such as 
variable capacitors, tunable resonators, frequency-agile filters, phase shifters, variable 
power dividers and tunable oscillators. There are also ferroelectric material based 
nonlinear components such as harmonic generator, parametric amplifier, pulse shaper 
and mixer. In all the ferroelectric tunable devices, ferroelectric materials always show 
up in the form of variable capacitors (varactor) directly or equivalently. 
 
Besides ferroelectric materials, there are other methods to achieve tunability in 
microwave components. Semiconductor GaAs varactors are mature commercial 
products with high tunability and reliability. However, their linear decrease of quality 
factor (Q factor) over frequency confines their usability to be only in the lower end of 
microwave range. In comparison, if conductor loss is neglected, ferroelectric 
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varactors’ Q factor should be constant over a very wide frequency range [7, 12, 13]. 
Their higher Q factor over 10-20 GHz makes them suitable candidates when pushing 
up devices’ working frequencies. Ferrite has also been used to fabricate microwave 
tunable devices [14]. In these devices, external magnetic field is applied to the ferrite 
to change its permeability. Because of the difficulty in magnetic field generation, 
ferrite tunable devices are always bulky, slow and power consuming. However, there 
is one place that ferrite can show its advantage. When it is used in combination with 
ferroelectric materials, the effective permittivity and permeability can be tuned 
simultaneously [15]. This is very useful in devices such as a phase shifter. The 
freedom of controlling both the permittivity and permeability will allow a phase 
shifter to maintain its capacitance while its phase velocity changes. This could also be 
achieved by multiferroic materials whose permeability could be tuned by electric field 
[16, 17]. However, to my knowledge, real application of multiferroic materials has not 
been explored yet. Micro-electrical-mechanical systems (MEMS) varactors are very 
competitive [18, 19]. They have advantage of very high Q factor. However, due to the 
mechanical structures, their response is slower than ferroelectric and GaAs varactors. 
They also require very high operating voltage by far and they are sensitive to 
environmental conditions such as moisture, temperature and vibrations. Overall, 
though ferroelectric materials may prevail or yield in different aspects of the contest, 
they have been proven to be a very competitive candidature for the development of 
microwave tunable devices. 
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1.1 Nonlinearity and tunability of ferroelectric materials. 
 
Ferroelectricity is the property of materials exhibiting spontaneous polarization below 
certain phase transition temperature Tc (Curie temperature) [20] and a polarization vs. 
electric field (PE) hysteresis loop smilar to ferromagnetic materials. Above Tc, a 
ferroelectric material transfers to a phase with no electric hysteresis but still nonlinear 
polarization, which is called paraelectric. It is worth mentioning that there is some 
dispute on the definition of phase transition temperature and Curie temperature [21]. 
Although applications in the ferroelectric phase were considered to be able to expand 
the usage of ferroelectric materials and offer the possibility of digital control [22], 
ferroelectric materials in paraelectic phase is more commonly used in microwave 
tunable devices in order to avoid hysteresis problem..  
 
Simply speaking, when an ion is displaced from its equilibrium position, it will 
experience both the force from the local electric field and the elastic-restoring force 
from the crystal lattice. In a ferroelectric material, the electrical force is larger than the 
elastic-restoring force near the equilibrium. The displacement of the ion will continue 
increasing until energy reaches the minimum where the two force balance. This gives 
rise to asymmetric shift of charge distribution and hence an electric dipole moment. 
Below phase transition temperature, the dipole moments in a domain align to the same 
direction, which is similar to the magnetic arrangement inside ferromagnetic materials. 
Therefore, ferroelectric materials show electric hysteresis like the magnetic hysteresis 
in ferromagnetic materials (Fig. 1.1a). Above phase transition temperature, the dipole 
moments are disordered so that the electric hysteresis disappeared while their 





Fig. 1.1 P-E curve of ferroelectric materials in (a) Ferroelectric phase (b) Paraelectric 
phase. 
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external electric field E, the effective microwave electric susceptibility eχ  of a 
ferroelectric material is 01/ε  the slope of the tangential line at (E, P(E)) on the 
nonlinear PE curve. Therefore the permittivity 1r eε χ= +  is a function of external 
electric field E (Fig. 1.1b), which is the basic mechanism for ferroelectric microwave 
tunable devices. Microwave properties of ferroelectric materials, especially modeling 
of the underlying mechanism of temperature, frequency and electric field dependence 
of the complex permittivity jε ε ε′ ′′= +  have been discussed extensively since the 
1950’s [23, 24]. There is also a widely accepted phenomenological model of the 
complex permittivity of ferroelectric materials [25]. Detailed discussion is omitted 
from this thesis as it is far beyond the scope of my research subject. 
 
The tunability of a ferroelectric material n  is defined as the ratio of the permittivity at 
zero bias to the permittivity under electric field E  (Eq. 1.1). Another commonly used 
quantity is relative tunability , which is defined as the ratio of the change of 
permittivity from zero bias to electric field 
rn
E  to the permittivity at zero bias (Eq. 1.2).  
(0) / ( )n Eε ε′ ′=                                                        (1.1) 
( (0) ( )) / (0)rn Eε ε ε′ ′ ′= −                                                 (1.2) 
Only real part of the permittivity is considered in these definitions. To evaluate both 
the tunability and dielectric loss, a quantity named figure-of-merit is defined for 
tunable microwave devices such as phase shifter and resonator. Although the actual 
form of figure-of-merit varies on different kind of tunable devices, its basic concept is 
all about the ratio of relative tunability to a loss term. The definition of figure-of-merit 
is simple and covers both the tunability and loss. However, it counts in other parts of 
the passive network beside the ferroelectric material or varactor. To characterize 
ferroelectric materials, the best way is to define the figure-of-merit of the simplest 
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ferroelectric tunable components, the varactor. Therefore, a figure-of-merit of two-
state one-port switchable network, called commutation quality factor (CQF) was 
introduced [26]. It is an invariant quantity when a two-state one-port switchable 
network is transformed through a lossless reciprocal network. The expression for 








−= ⋅ ⋅ .                                                (1.3) 
where  is the tunability defined in Eq. 1.1, n 1tanδ  and 2tanδ  are the loss tangent with 
and without bias respectively. The loss tangent in Eq. 1.3 differed a little when 
referring to ferroelectric varactor other than material. In a varactor, it is the ratio of 
the real part of the impedance to the imaginary part of the impedance. The parasite 
inductance and resistance, mainly coming form the metallic structure in most cases, 
may significantly affect the loss tangent of a varactor, as well as the capacitance itself. 
Therefore, when speaking of tunability of a material, it is always important to subtract 
the contribution from parasite inductance and resistance.  
 
1.2 The ferroelectric material BaxSr1-xTiO3 
 
BaxSr1-xTiO3 (BST) is by far the most popular ferroelectric material for tunable 
microwave devices. It is a solid solution of BaTiO3 and SrTiO3, both of which are 
displacement type ferroelectric materials. The solution could be formed at any 
composition because they have the same perovskite crystal structure and comparable 
ion radii of Ba2+ and Sr2+ [27]. The dielectric properties of this material is known to 
depend dramatically on the composition x, which determines the ratio of the two 
components [28].  
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The ferroelectric phase transition temperature of BaTiO3 is around 400 K. As for 
SrTiO3, it is an incipient ferroelectric material of which the pure crystal is paraelectric 
at all temperatures and shows no spontaneous polarization even at 0 K temperature. 
Therefore, the ferroelectric phase transition temperature of BST increases from 0 to 
400 K when the composition x varies from 0 to 1 [21, 28]. For a ferroelectric material, 
the optimal operating temperature is about 50 K above the phase transition 
temperature, as lower temperature leads to high loss tangent and higher temperature 
reduces tunability [6]. Therefore, this property of phase transition temperature of BST 
varying with composition x is very attractive for developing microwave tunable 
devices. Proper choice of composition x depends on the working temperature of the 
device. Normally, Ba0.1Sr0.9TiO3 is used in high temperature superconductor devices 
at around 80 K [29] and Ba0.5Sr0.5TiO3 or Ba0.25Sr0.75TiO3 is used in room temperature 
applications [13, 28]. 
 
1.3 Quality of BST thin films 
 
In modern miniature microwave devices and semiconductor electronics, ferroelectric 
materials are required to be in thin film form for the reason of both fabrication and 
device miniaturization. However, the dielectric properties of BST thin film are no 
match for the bulk material which has much higher permittivity and much lower 
dielectric loss [30-33]. This is also the most important obstacle in commercialization 
of ferroelectric tunable devices. There are many factors that have effect on the quality 
of BST thin film, including the strain caused by mismatch of lattice parameter 
between ferroelectric thin films and substrates, dead layers, defects, and stoichiometry. 
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The strain caused by the mismatch between BST thin film and substrate affects the 
permittivity and tunability significantly [34, 35]. The soft phonon mode in 
ferroelectric thin film affects the permittivity significantly through a Lyddane–Sachs–
Teller (LST) relationship. Therefore, the dramatic variance in the permittivity of 
ferroelectric films could be explained by the strain induced hardening of soft phonon 
mode, which has been confirmed by far-infrared ellipsometry [32]. Besides proper 
choice of substrate with matched lattice parameters, growing a buffer layer between 
the ferroelectric film and the substrate provides a way to mediate the strain. BST 
buffer layer with different composition which has an in-between lattice parameter of 
the film and the substrate has been proved to be able to control the strain and improve 
the permittivity and tunability [36]. An amorphous BST buffer layer has also been 
reported to be able to improve both the tunability and loss tangent of as-deposited 
BST thin film [37]. 
 
It is widely believed that the “dead layer” at the interface of the ferroelectric thin film 
and the substrate makes a good explanation to the significant degrading of dielectric 
quality of ferroelectric material in thin film form. Basically, there are two 
explanations for the dead layer effect. The first one assumes that there is a real “dead” 
layer at the interface. This layer may form under multiple mechanisms including the 
degrading of crystal quality from all kinds of strain, defects and diffusions at the 
interface, the depolarization at the interface due to the asymmetric boundary [31, 38], 
the penetration of electric field into conductor layers [39], and Schotty barrier induced 
depletion layer [40]. Although these mechanisms work in different ways and the 
effective dielectric properties at the interface may vary smoothly, the dead layer could 
be approximately modeled as a thin layer with permittivity much lower than the 
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material away from the interface. For a ferroelectric varactor, this simple model with 
series capacitor theory could predict the widely observed dramatic decrease in 
effective permittivity with decreasing ferroelectric film thickness. However, the other 
type of explanations does not recognize the existence of a real interfacial layer. They 
attribute the thickness dependant permittivity to the thickness dependent strain [41] or 
epitaxial column size [42]. Models using these methods could also explain experiment 
results. 
 
The loss mechanism in ferroelectric materials has been studied intensively [10, 12]. 
The dielectric loss in ferroelectric materials could be identified as intrinsic or extrinsic. 
Intrinsic loss is attributed to the phonon and microwave interaction in single crystal, 
while extrinsic loss is from the interaction between microwave and charge defects or 
local polar region. In ferroelectric thin film, extrinsic loss plays a much more 
important role than intrinsic loss, which explains the large increase of loss tangent 
from bulk material to thin film. The actual forms and densities of charge defects and 
local polar regions depend strongly on the deposition method and conditions for 
individual thin film, which leads to the large deviation of measured loss tangents 
reported.  
 
Doping is one of the most generally used methods to modify properties of materials. 
To improve the dielectric properties for ferroelectric thin films, many types of dopants 
have been tried. MgO is the most outstanding one among them [43]. MgO doping is 
reported to reduce the grain sizes, loss tangent and leakage current in BST thin film 
[44, 45]. However, the permittivity and tunability are also reduced. By far no dopant 
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has been reported to be able to distinctly improve both the tunability and dielectric 
loss, viz. the commutation quality factor (CQF). 
 




Fig. 1.2 Basic structures of ferroelectric varactors with (a) the coplanar structure and 
(b) the parallel plate structure. 
  
As mentioned above, the nonlinear polarization nature of ferroelectric materials leads 
to their application in microwave tunable devices. The electronic component which 
relates to the variable permittivity is varactor. Therefore, ferroelectric materials 
always appear in tunable devices in the form of ferroelectric varactor. Capacitance 
dependant quantities, such as phase velocity of a transmission line and resonance 
frequency of a resonator, could then be tuned electrically. Although the actual form of 
the varactor differs in each individual device, it can always be classified as one of the 
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following two structures: the coplanar structure (Fig. 1.2a) and the parallel plate 
structure (Fig. 1.2b). 
 
1.4.1 Electric field distribution 
 
Besides tunability and loss, the required bias voltage for a tunable device is also an 
important factor for device design. In this thesis, a definition of tuning efficiency is 
introduced for the convenience of discussing. For a varactor, the tuning efficiency is 
defined as 
( ) /Vn n V V= .                                                     (1.4) 
where  is tunability or relative tunability of the varactor and V  is the maximum 
workable voltage. In addition, the distribution of the bias field in the varactor has to 
be considered. In the parallel plate structure, apart from the edge of the upper 
electrode, the electric field inside the ferroelectric thin film is distributed uniformly in 
the out of plane direction. The ratio of the bias electric field to the bias voltage 
n
/E V  
represent the bias applying efficiency and it is proportional to the reciprocal of the 
distance  between the two parallel electrodes. However in the coplanar structure, 
the electric field comes out of the electrodes in the out of plane direction of the 
ferroelectric thin film initially and bends sharply to the in plane direction when 
passing through the gap between the two electrodes. The modeling of capacitance and 
tunability for a coplanar structure varactor is much more difficult than that for a 
parallel plate varactor due to this uneven distribution of electric field. Therefore, it is 
very difficult to make a good definition of the bias applying efficiency of coplanar 
varactors. Nevertheless, there is still a monotonic decrease of tuning efficiency 
against gap width between the coplanar electrodes. Therefore, for both coplanar and 
d
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parallel plate varactors, the distance between the two electrodes of a varactor is a 
determinant factor of tuning efficiency. Although it is widely believed that parallel 
plate varactors have larger tuning efficiency due to their inter-electrode distance (the 
thickness of the ferroelectric thin film). Achieving the same level of high tuning 
efficiency in coplanar varactors is not a problem considering the micro-fabrication 
capability of tens of nanometers’ structures in modern semiconductor industries. 
Therefore, when it comes to tuning efficiency, parallel plate varactors do not have 
advantage over coplanar varactors if only the electrodes structure is considered, 
except in those cases where the resolution of structures is restricted by the fabrication 
limitation. 
 
1.4.2 Film quality and dead layer effect 
 
The structures of electrodes affect not only the electric field distribution but also the 
ferroelectric thin film properties. The ferroelectric thin film in coplanar varactors is 
commonly deposited right on single crystal oxides, such as LaAlO3 and MgO, while 
in parallel varactors the ferroelectric thin film is deposited on good conductors such as 
Au and Pt (or conducting oxide such as SrRuO3, but it is considered to be too highly 
resistive for the requirement of low loss microwave devices). Those single crystal 
oxide substrates have better lattice matching with BST than the metals, which should 
result in less strained and higher quality BST thin film. However, this difference in 
film quality always can not be observed because it is difficult to distinguish it from 
the large variation of effective permittivity and loss tangent due to the dead layer 
effect. As previously mentioned, the dead layer is a widely accepted concept for 
explaining the degrading of dielectric properties in ferroelectric thin films. Although a 
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lot of underlying mechanisms have been suggested, full understanding of this subject 
remains unaccomplished. Most of the discussion on dead layer effect is based on 
parallel plate structure whose uniform electric field distribution simplifies the 
mathematic models. Modeling of the dead layer effect in coplanar varactors is much 
more complicated due to the uneven distribution of electric field. The dead layer 
should have less effect on coplanar varactors than parallel plate varactors considering 
the possible local strain, defects and diffusion at the interface between the 
ferroelectric thin film and the bottom metal electrode in a parallel plate varactor. 
Other dead layer mechanisms such as the depolarization at the interface due to the 
asymmetric boundary, the penetration of electric field into conductor layers, and 
Schotty barrier induced depletion layer, should apply in both coplanar varactors and 
parallel plate varactors. In short, the dead layer should affect the effective permittivity, 
tunability and quality factor differently in coplanar varactors and parallel plate 
varactors. 
 
1.4.3 Permittivity “dilution” 
 
In parallel plate varactors, the electric field is almost fully confined in the ferroelectric 
thin film so that the capacitance, loss tangent and tunability are directly proportional 
to the permittivity, loss tangent and tunability of the ferroelectric thin film. However, 
in coplanar varactors, the electric field exists not only in the ferroelectric thin film but 
also in the air above and the substrate below. The summation of the contributions 
from these three parts follows a parallel capacitance model [46], which was testified 
by approximation of the static Green’s function [47]. With the contribution from the 
parallel capacitances of the air and the substrate which have much lower permittivity 
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and loss tangent than the ferroelectric thin film, all the quantities identifying the 
performance of a coplanar varactor will be average values from the three mediums 
with certain proportions. Therefore, thinner ferroelectric film would increase the 
proportion of the air and the substrate and hence give rise to lower capacitance and 
tunability but lower loss tangent and higher quality factor. The result is just like that 
the permittivity of the ferroelectric thin film is effectively diluted by the air and the 
substrate. Similar effect could also be produced in the parallel varactors using 
alternating patterned high permittivity epitaxial BST and low permittivity amorphous 
BST. The “diluted” permittivity could help in reducing dielectric loss and improving 
tunability. However, the commutation quality factor could not be improved because 
of the synchronous decrease of tunability and loss tangent. 
 
1.4.4 Fabrication difficulty and cost 
 
Generally, at commonly reported fabrication resolution from several to tens of 
microns, the inter-electrode distance in coplanar varactors is much larger than that in 
parallel plate varactors which is the thickness of the ferroelectric thin film. Therefore, 
the parallel plate varactors always have much larger tunability and tuning efficiency 
than coplanar varactors. Meanwhile, as size of the electrodes in parallel plate exceeds 
the minimum fabrication resolution from several to tens of microns, the capacitance 
of the parallel plate varactors are always much larger than coplanar varactors, which 
is not a favorable character for developing devices which require impedance matching, 
such as phase shifters, or certain strength of coupling, such as filters. However, the 
reduction of parallel plate varactors’ capacitance and the increase of the coplanar 
varactors’ tunability and tuning efficiency could all be achieved by using higher 
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resolution fabrication techniques. At fabrication resolution higher than hundreds of 
nanometers, coplanar varactors and parallel plate varactors could have similar size of 
electrodes and inter-electrode gaps. The capacitance, tunabilty and tuning efficiency is 
no longer the major difference between these two structures. At high resolution, the 
disadvantage of bottom conductor layer stands out because of its degrading effect on 
the ferroelectric thin film and the increase in fabrication difficulty and cost. Therefore, 
the two varactor structures do not prevail over each other at all times. Proper choice 
between these two structures should depend on requirement of different devices and 
consideration of fabrication capability and cost for every individual case.  
 
1.5 Scope of study 
 
In the present work, we concentrated on the microwave miniature ferroelectric tunable 
devices. Miniaturization of microwave devices could be achieved by planar circuits, 
as are commonly used in the present work. Structural modification could further 
miniaturize the circuits, such as bending microstrip resonators into spiral shapes. 
Electromagnetic field analysis shows how the conductor loss affects the quality factor 
for spiral resonators with different geometric shapes and dimensions (Chapter 3). The 
conductor loss also has strong effect on ferroelectric varactors. In tunable applications, 
it reduces the quality factor of the varactors and hence increases the total loss. In 
ferroelectric measurement, it brings forward extra loss term and hence large error to 
the measured loss tangent of the ferroelectric thin films. Chapter 4 introduces the 
method of conductor loss subtraction in interdigital capacitor ferroelectric 
measurement. To minimize the degrading of device performance caused by conductor 
loss, high temperature superconductor is used in a tunable phase shifter (Chapter 5). 
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The phase shifter is a coplanar strip (CPS) transmission line periodically loaded with 
coplanar varactors. The CPS is transformed to the microstrip input/output by baluns, 
which also provide impedance matching and DC bias circuit. The tunability of the 
phase shifter is optimized by analyzing its equivalent circuit.  
 
The heart of ferroelectric tunable devices is ferroelectric varactors. There are two 
types of structures of varactors. One is parallel plate varactor which has advantage in 
lower bias voltage. The other is coplanar varactor which has advantage in ease of 
fabrication. In order to take advantages of both the low bias voltage and the ease of 
fabrication, we proposed a novel combo structure. The key fixture of the new varactor 
is the high resistance DC electrode which has slight reaction on the microwave 
electromagnetic field and appears to be “transparent” to the microwave field. The idea 
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Fabrication and Characterization of Ferroelectric 
Thin Film and Conducting Thin Film 
 
 
This chapter gives a brief introduction to some of the fabrication and measurement 
methods used in my research, including Pulsed Laser Deposition (PLD) of high 
temperature superconductor (HTS) YBa2Cu3O7-δ (YBCO) thin film and ferroelectric 
BaxSr1-xTiO3 (BST) thin film, characterization of YBCO surface resistance, sputter 
deposition of Au/Cr seed layer, and electroplating of Au conductor film.  
 
2.1 Pulsed laser deposition (PLD) 
 
Pulsed Laser Deposition was first introduced by Smith and Turner in 1965 [1]. 
However, it did not draw much attention in a long time because of its relatively poor 
film quality comparing with other thin film deposition methods such as Chemical 
Vapor Deposition (CVD) and Molecular Beam Epitaxy (MBE). The modern 
popularity of PLD was raised in 1987 when Dijkkamp and Venkatesan successfully 
grew YBCO thin film using PLD system. PLD is now recognized as a suitable 
technique for deposition of complex multi-element composition, especially for 




 Fig. 2.1 The schematic diagram of a simple PLD system. 
 
The sketch of a PLD system with the simplest configuration is shown in Fig. 2.1. It 
consists of a vacuum chamber, a high power pulsed laser source, a target holder which 
is generally rotatable, a substrate holder which is generally with a heating system to 
heat up the substrate during deposition, chamber windows and a set of optical lens to 
introduce the laser into the chamber and focus it on the target, and an optional reactive 
gas entrance to provide the atmosphere during deposition. The separable vacuum 
system and evaporation power source is a very favorable character of PLD system. 
This flexibility allows the ease and low cost of changing the combination of 
deposition configurations, construction of multi-laser deposition system, and 




The whole process of PLD could be divided into four steps: 
1. The evaporation of target material 
2. Plasma dynamics 
3. Deposition of the plasma particles onto substrate 
4. Nucleation and film growth on the substrate 
Every step by itself is a complex subject of physics research. The underlying 
mechanisms and theories are so complicated that detailed discussion is skipped in this 
thesis. Simply speaking, after the target is struck by a focused high energy and short 
duration laser pulse, a small local surface area is heated up and vaporized. Evaporants, 
including atoms, electrons, ions, molecules, clusters, micron-sized solid particulates, 
and molten globules, form a “plume” expanding into the vacuum or background 
atmosphere. Following hydrodynamic flow mechanisms, the plume density shows a 
narrow angular dependence and peaks at the direction perpendicular to the target 
surface. After landing on the substrate, the particles in the plume nucleate and 
construct a thin film which has stoichiometry composition closely related to the target. 
 
One of the two major disadvantages of PLD is called “splashing” which means the 
formation of large particles in the plume in the laser ablation step. Those large 
particles induce the formation of defects in deposited thin films and hence reduce the 
film quality. Many methods such as mechanical particle filter, plume manipulation, 
using high density target with smooth surfaces and deposition with substrate surface 
in reverse direction [1] have successfully reduced splashing. However, splashing is 
difficulty to eliminate and still remains a critical problem in PLD technique. The other 
major disadvantage is the narrow angular dependence of plume density, which only 
allows small area of uniform thin film. This problem could be solved by mechanically 
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moving the laser beam or the substrate to sweep the plume over large area of the 
substrate. However, the slow operating speed for mechanical sweep and concern on 
cost and reliability of such complicated systems stopped PLD from industry use. 
Nevertheless, in research area where high flexibility is appreciated and size does not 
matter, PLD is a highly suitable technique for growth of thin films with multi-element 
compositions. 
 
2.1.1 Substrate and pre-deposition cleaning 
 
In this research, PLD was used to grow YBCO, BST (Ba0.1Sr0.9TiO3 and 
Ba0.5Sr0.5TiO3), and La0.7Sr0.3MnO3 (LSMO) thin films. All the thin films were 
deposited on commercially available 0.5 mm thick, single-side or double-side 
polished, and <100> surface-oriented LaAlO3 (LAO) substrates (Hefei Kejing 
Materials Technology Co. Ltd., Anhui, PRC). The substrates were cleaned by 
alternating steps of 10 min ultrasonic bath in high purity acetone (>99.8%) and 10 
min ultrasonic bath in 10% nitric acid with distilled water flush between every two 
steps. After the ending step of acetone ultrasonic bath, the substrates were reserved in 
high purity ethanol (>99.9%). Before loaded into the chamber, the substrates were 
blown dry using compressed nitrogen gas. 
 
2.1.1 PLD of YBCO thin film 
 
The YBCO thin film for HTS microwave devices developed in CSMM were all 
deposited using a customized self-constructed PLD system. The evaporation power is 
provided by an excimer laser (Compex 201, Lambda Physik, Göttingen, Germany), 
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which is capable of producing 248 nm UV laser pulse with maximum energy of up to 
650 mJ, FWHM pulse duration of 25 ns, and pulse repetition rate of up to 10 Hz. It 
follows the basic structure of any PLD system except some modifications to grow 
relatively large area of uniform YBCO thin film for the requirement of device design. 
By introducing a motor driven rotating mirror with a little offset between the rotating 
axis and the normal direction of the mirror, the focused laser beam spot on the YBCO 
target sweeps simultaneously over the target in an elliptical path. This leads to a 
traveling plume and hence increases the area of uniform deposition of YBCO thin 
films. To contain the whole laser spot path inside the target surface, an YBCO target 
with diameter of 10 cm is used. Meanwhile, a customized Silicon heater is used to 
produce uniform heating power over large area of the substrate. Detailed discussion 
on the experimental setup could be found in [2]. 
 
As the YBCO thin film in this research is used as conductor layer, not for material 
research purpose, the deposition parameters follow the previous optimization result in 
CSMM to achieve the lowest surface impedance. The YBCO thin films were 
deposited with laser energy density of 2.5 J/cm2, target to substrate distance of 5.5 cm, 
heater temperature at 860 oC (substrate surface temperature at 755 oC [2]), and 
ambient oxygen pressure at 0.2 mbar. After 30 minutes of deposition at a laser pulse 
repetition rate at 5 Hz, the YBCO was grown to 500 nm thick, which is 2.5 times the 
penetration depth to achieve low enough surface impedance for microwave devices. 
After deposition, the YBCO thin films were in situ post-annealed at heater 




2.1.2 Deposition of BST thin film 
 
The deposition of BST (both Ba0.1Sr0.9TiO3 and Ba0.5Sr0.5TiO3) thin films was carried 
out in another relatively simple chamber with only the basic fixtures of a PLD system. 
This system utilizes the same excimer laser with another set of mirrors and lens. The 
deposition parameters also follow previous optimization results in CSMM to achieve 
the highest permittivy and the lowest loss tangent and leakage current. The BST thin 
films were deposited with laser energy density of 2 J/cm2, target to substrate distance 
of 4.5 cm, heater temperature of 750 oC, and ambient oxygen pressure at 0.2 mbar. 
After deposition, the BST thin films were in situ post-annealed at heater temperature 
of 700 oC and oxygen pressure of 1 bar for 30 minutes.  
   
2.2 Characterization of the YBCO thin film’s surface resistance 
 
In calculation of conductor loss in microwave devices, it is always convenient to 
introduce a concept of surface impedance sZ , which is defined as the ratio of the 
tangential electric field to tangential magnetic field at the surface of conductors. 
Considering the penetration of electromagnetic filed into conductors, the surface 
impedance of normal metals could be derived as [3] 
 ( )1
2s
jZ jμω μωσ σ= = + .                                             (2.1) 
Surface resistance sR  is the real part of surface impedance. It is a critical quantity for 
identifying conductor loss because the dissipated power in a conductor is proportional 
to its surface resistance. For superconductors, the conductivity could be derived from 
a two-fluid theory considering both the superconductive current and normal current 
 26
[4]. However, it is always difficult to obtain the parameters needed for the calculation 
of superconductor surface resistance. In developing of low loss high temperature 
superconductor microwave devices, before patterning the YBCO thin films into 
microwave circuits, its low surface resistance must be confirmed by experimental 
measurement to guarantee the low conductor loss performance in devices fabricated. 
In this research, the surface resistances were measured using a dielectric resonator 
wall-loss perturbation technique previously developed by other researchers in CSMM 
[3]. This non-destructive method is suitable for monitoring the superconductor thin 
film quality for microwave devices since the measurements before circuit fabrication 
do not damage thin films. 
 
 
Fig. 2.2 The schematic diagram of the surface resistance test fixture. 
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 The schematic diagram of the test fixture is shown in Fig. 2.2. It utilizes an LAO 
cylinder dielectric resonator with diameter of 6 mm and length of 5.5 mm. The base 
resonance mode of the resonator is the TE011+δ resonance mode at 10.65 GHz. Any 
conductor placed at one end of the resonator could be considered as perturbation to 
the original resonance mode. Detailed modeling shows that the unloaded quality 
factor of the perturbed resonance mode is closely related to the surface resistance of 
the conductor. Since it is more convenient to extract loaded quality factor out of 
measured S21, the equation below was derived for calculation of surface resistance sR . 
0
1 1
sR A Q Q
⎛= −⎜⎝ ⎠
⎞⎟                                                        (2.2) 
where  is a constant related to the properties of the resonator and  is the quality 
factor with a perfect conductor wall measured with a mirror method described in [5]. 
The constant A  could be determined using a calibration metal surface with known 
surface resistance. Previous calibration in [3] with silver and gold calibrator has 
determined the two quantities as 
A 0Q
340A = Ω  and 0 31095Q = . 
 
In this research, all the YBCO thin films for microwave devices were measured by 
this method. Only films with quality factor greater than 28000 and hence surface 







2.3 Preparation of Au/Cr films 
 
In this research, besides the YBCO thin films used in high temperature 
superconductor microwave devices, Au/Cr films were used as a conducting layer of 
room temperature devices. The material Au is suitable for microwave devices because 
of its high conductivity of  S/m, as well as its chemical stability against 
moisture, heat, oxygen, and many corrosive chemicals. Insertion of thin Cr films 
between Au films and substrates is a common industrial technique to improve the 
adhesion between Au films and substrates. To fabricate this two layer film, a thin 
Au/Cr seed layer is grown by sputter deposition at first, followed by an electroplated 
thick Au layer. 
74.7 10×
 
2.3.1 Sputter deposition of Au/Cr seed layer 
 
Sputter deposition is a Physical Vapor Deposition (PVD) method of thin films 
deposition by sputtering, a physical process in which atoms are ejected from a target 
by ions bombardment. Magnetron sputter deposition is most commonly used in 
research and industry. It is because the magnets beneath the targets confines the 
plasma in a thin region near the target surface, which results in much higher 
deposition rate and allows the plasma to be sustained at higher vacuum. Additionally, 
by using radio frequency (RF) power source to drive the plasma, charged particles 
could be confined in the plasma region and only electrically neutral particles could be 
transferred from the target to the substrate, which could reduce the charge build-up on 
targets and substrates in deposition of insulating thin films. 
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In the present work, the Au/Cr seed layers were deposited using the C·K-6B metal 
multilayer film magnetro sputtering system (Shenyang Institute of UHV Technology 
and Applications, PRC). In an ambient argon pressure at 32 10−×  mbar, firstly a 20 nm 
Cr thin film was deposited using the 2” magnetron sputter gun at RF energy of 100 W 
for 2 minutes, then a 20 nm Au thin film was deposited on top of it using the 3″ 
magnetron sputter gun at RF energy of 80 W for 2 minutes. 
 
2.3.2 Electroplating of gold film 
 
The electroplating processes were carried out in a self-constructed simple 
electroplating system. The beaker containing the commercial gold electroplating 
solution Microfab® AU 100 (Electroplating Engineers of Japan) was put in a water 
bath at 60 oC. The solution was continuously stirred to keep uniform concentration. A 
Au wire was used as the anode, while the sample with seed layer is the cathode. 
Before electroplating, the sample was immersed in Microfab® bump cleaner (Enthone, 
Inc., USA) and washed using distilled water. The electroplating was in a constant 
current mode. The magnitude of the current is proportional to the area of the sample 
exposed to the plating solution by a coefficient of 5 mA/cm2. At this current density, 5 
minutes of plating will produce 1.5 micron thick gold thin film, which is the 
commonly used thickness in our room temperature microwave devices. Although the 
plated Au film has rough surface and poor film quality compared with other metal 
plating method such as sputter deposition and electron beam evaporation, 
electroplating is the most economic way for growing Au film acceptable for 
microwave room temperature devices. 
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Analysis of Quality Factors of Spiral Resonators 
 
 
The miniaturization of microstrip filters is of great importance in the development of 
cellular communication systems. Multi-resonators coupling with each other is a very 
common structure for filters. In these filters, the central problem of miniaturizing 
filters lies in the miniaturization of resonators. Open-ended half-wavelength 
microstrip transmission lines are widely used as resonators for its structural simplicity 
and coupling ease. Because the electromagnetic wave propagating inside the 
microstrip turns easily at the corners where the microstrip is bended, folding 
microstrips is a convenient way to miniaturize the circuits. Different methods of 
folding have been reported. A conventional half-wavelength (λ/2) resonator can be 
folded to a λ/4 long hairpin resonator which is the basic element of hairpin filters [1] 
and hairpin-comb filters [2]. The hairpin resonator can be further miniaturized to a 
split-ring resonator [3]. The structure of the miniaturized hairpin resonators was also 
further modified [4]. Based on the concept of folding, the most compact structure of 
spiral resonator developed in CSMM previously was found to be the best candidate 
for the miniaturization of resonators. Filters using S shape spiral resonators and single 
spiral resonators were developed [5-7]. Furthermore, a cross-coupled filter was made 
consisting of S shape and U shape spiral resonators [8]. The S shape, U shape, and 
single spiral resonators are the most commonly used structures, as shown in Fig. 3.1. 
All these three types of spiral resonators can be considered as bended half-wavelength 









Fig. 3.1 Dimensions of three types of spiral resonator: (a) S shape, (b) U shape, and (c) 
single. 
 
The microstrip spiral resonators in the previous work in CSMM were mostly 
fabricated in high-temperature superconducting (HTS) thin films. Although the 
resonators made from HTS thin films can have high Q factors due to the low surface 
resistance of HTS thin films [6], the requirement of low temperature makes these 
resonators quite expensive. In normal metal resonators, the conductive loss that is 
neglected in designing HTS resonators becomes dominant in the Q factor, comparing 
with the relatively small dielectric loss and radiation loss. Hence, the analysis of Q 
factor due to conductive loss in normal metal resonators is of great importance in 
developing filters with normal metal conductors. 
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In this chapter, Q factors of U shape, S shape and single spiral resonators in different 
configurations are studied by full-wave electromagnetic simulations and experiments. 
The results are analyzed qualitatively based on electromagnetic theory. The results 
would cast some light on the theory of spiral resonators and filters. 
 
3.1 Q factor affected by coupled neighboring strips 
 
The quality factor (Q factor) for a resonator is defined by 
( )
( )
W average energy stored
Q
P average energy lost / second
= ω .                               (3.1) 





22∫ μ+ε= .                                         (3.2) 
As the quasi-TEM fields of microstrip makes the TEM transmission line theory 
applicable for the microstrip as well, the electric and magnetic energies stored in a 
half-wavelength straight line microstrip resonator should be almost the same. In the 
present case, the field difference between spiral and straight line could be considered 




W H≈ μ∫ dv .                                                       (3.3) 
The average energy lost (P) is the sum of conductor, dielectric and radiation loss. 
Simulations of the same structures with conductor and/or dielectric loss set to zero 
were done. In the spiral resonators with normal conductors, the conductor loss due to 
the limited conductivity of normal metal is much larger than the dielectric and 
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≈ ∫ ds ,                                                     (3.4) 
where Rs is the surface resistivity of the conductor and Ht is the magnetic field 
tangential to the conductor surface. The integration is over the whole conductor 
surface. By substituting Eq. 3.3 and Eq. 3.4 into Eq. 3.1, the expression of Q factor 










.                                                      (3.5) 
In Eq 3.5, μ is equal to μ0, the permeability of vacuum, in our resonators where no 
magnetic material is introduced and Rs is related only to the conductivity of the metal 
and the working frequency. Therefore, Eq. 3.5 shows that the quality factor of the 
resonators is only related to the distribution of magnetic field. Both the integration can 
be evaluated by integrating firstly over the transverse plane and then along the 
propagation direction. 
 
In the following, we perform simulation by Ansoft HFSS to study the relationship 
among current and field distribution and Q factors of the straight line resonator and 
three different types of spiral resonators with different geometrical structures shown 
in Fig. 3.1. The material properties are set to be the same as the PCB board used in 
our experiments. 
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 Fig. 3.2 Current distribution along the strips of the four types of resonators. All 
current curves terminate in 0 at both ends of the resonator. 
 
Firstly, we consider the simulated results shown in Fig. 3.2 of the normalized current 
distribution along the conduction line of each type of resonator. For all the resonators, 
the current flows in the same direction along the conduction line and have normalized 
current density distribution varying from zero at both ends to maximum at the center 
of the conduction line. There is a small dip at the center of the conduction line for the 
case of U shape and S shape spiral resonators due to the inductive coupling. And the 
current distribution of a single spiral resonator skews a little to one side due to its 
asymmetric structure. All the four normalized current distribution along the 
conduction lines are similar. Therefore, the contribution from the propagation 
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direction to the integral of Eq. 3.5 is similar for all the four different resonators. 
Hereafter, as an approximation, we only discuss the contribution from the integration 
of transverse planes to the Q values. 
 
Fig. 3.3 Field pattern of single and coupled microstrips: (a) single strip, (b) two 










3.1.1 The stored energy in the resonator 
 
The magnetic field pattern in the transverse plane of a single microstrip is simulated 
and shown in Fig. 3.3a. For a single strip, the magnetic field H  is concentrated near 
the microstrip. Therefore, H  has significant contribution to the integral in Eq. 3.5 
only over the region close to the microstrip. Hence the volume in the integral of Eq. 
3.3 is small. 
 
We now turn to the discussion of the magnetic field distribution pattern in the 
transverse plane of spiral resonators. The most distinguished character of the spiral 
resonators is the coupling between neighboring segments of the microstrip. It is 
therefore a good simplification by just considering the magnetic field distribution of 
two coupled strips as shown in Fig. 3.3b. We further assume that the current flows in 
the two neighboring strips are in the same direction and have a little difference in 
amplitude as the currents in most of the segments of the mentioned three types of 
spiral resonators do, which gives rise to the slightly asymmetric field distribution. As 
shown in Fig. 3.3b, the magnetic field distribution of the two coupled strips has a 
wider distribution than that of a single strip. The wider distribution of magnetic field 
would increase the stored energy as the effective integration volume increases. 
Therefore, from the magnetic field distribution point of view, the stored energy of a 
spiral resonator would be larger than a straight line resonator of the same microstrip 
width and same magnitude of current flow. However, for the case of the two coupled 
strips, the volume of the stored energy integral has to be shared by two segments.  
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The Q factor of a spiral resonator is then related to these two competing factors; 
namely the evenness of the distribution of magnetic field and the sharing of magnetic 
field integral volume. For thinner microstrips, the magnetic field is quite concentrated. 
The magnetic field generated by one strip spilling over to the other coupled strip is 
very small. Therefore, the decrease of the stored energy due to the sharing of 
magnetic field integral volume will be less than the increase of the stored energy due 
to the far more uniform distribution of magnetic field caused by coupling. The Q 
factor of a spiral resonator consisting of thin microstrip should be larger than that of a 
straight line resonator with the same microstrip width. For wider microstrip, the 
magnetic field distribution of a single strip and two coupled strips is shown in Fig. 
3.3c and d. The filed distribution of a single microstrip is already evenly distributed so 
that the coupling of the neighbor segment would cause little change in the evenness of 
the field distribution. Therefore, the decrease of the stored energy due to the sharing 
of magnetic field integral volume becomes dominant. The Q factor of a spiral 
resonator consisting of wide microstrip should be smaller than a straight line resonator 
of the same microstrip width. 
 
Moreover, the gap width of a spiral resonator also affects the Q factor. A larger gap 
width leads to weaker coupling between neighboring segments and field distribution 
closer to that of a straight line resonator. Therefore, a spiral resonator with a larger 
gap width would have a Q factor closer to that of a straight line resonator. We might 
then conclude that as the gap width increases, the Q factor of the spiral resonator with 
a narrow microstrip should decrease while the Q factor of the spiral resonator with a 
wide microstrip should increase. 
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3.1.2 The ohmic dissipation in the resonator 
 
In the previous section, only the numerator in Eq. 3.5 is discussed. The denominator, 
the ohmic dissipation also plays an important role in determing the Q factor. As tH  is 
directly proportional to current density, it is the same to discuss current density as to 
discuss tangential magnetic filed at the conductor surface. Generally, a more uniform 
current density distribution leads to less conductor loss and raises the Q factor. Simply 
speaking, a given constant current generates different current density distributions in a 
single strip and coupled strips: For a single strip, the current density distribution 
would peak at two edges of the strip, whereas for coupled strips, the current density 
peak at neighboring edge of the strip would be flattened. This could easily be 
understood by considering two closely coupled strips as one split strip with double 
strip width. It suggests that the coupling improves the distribution evenness of both 
the current density and volume magnetic field, which leads to higher Q factor 
according to the above discussions. Therefore, effect from distribution of current 
density could be considered as magnification to the effect from volume magnetic field 
evenness as they change the Q factor in the same direction as the coupling strength 
changes, which is reasonable considering the close relationship between surface and 
volume magnetic field.   
 
3.1.3 The phase effect 
 
In the above discussion, the electromagnetic wave in the two coupled straight strips is 
assumed to be in the even mode, which means that the currents in the two strips have 
the same direction and amplitude. The real situation in spiral resonators is a little 
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different from this and depends on the number of circles in the spiral. In a spiral 
resonator, the current distribution of the first order resonance over the whole strip 
length is in a cosine-like distribution following the π phase change along the half-
wavelength microstrip. The difference in current amplitude of two neighboring 
segments therefore depends on their phase difference along the spiral line. In a 
smaller and “tighter” spiral resonator, which means that it has more circles in the 
spiral, the neighboring segments are closer in phase. According to the above 
discussion, this should increase the evenness of field and current density distribution 
and hence improve the Q factor. On the contrary, field and current density distribution 
in a spiral resonator with less circles are more asymmetric and uneven, which should 




From the above discussion, we could predict how the structural configurations of 
spiral resonators affect the Q factors, determined by the three critical parameters of 
the spiral strip: strip width (w), gap width (g), and size of a spiral resonator(s). In 
summary, the spiral resonator could have either higher or lower Q factor than the 
straight line resonator if the strip width of the microstrip is small or large respectively. 
This effect is caused by electromagnetic coupling between neighboring segments 
which could be strengthened by decreasing the gap width. Decreasing in the resonator 
size, and therefore increasing in the number of circles, could improve the symmetry 
and evenness of electromagnetic wave in coupled neighboring segments and improve 
the Q factor. 
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In the following, simulation results of the four types of resonators in various 
dimensions will be presented to demonstrate how the Q factor varies against the strip 
width (w), gap width (g), and size of a spiral resonator(s). It is also demonstrated by 
comparison of experimental measured Q factors of three resonators at 1 GHz, one for 
each type, fabricated on commercial print circuit boards (PCB).  
 
3.2 Comparison of different types of resonators in various configurations 
 
A full-wave electromagnetic simulator, IE3D package from Zeland Software, was 
used to study the Q factors of S shape, U shape and single spiral resonators. All the 
resonators were designed to have resonance frequencies at 1 GHz. The dimensions of 
the three types of spiral resonators were shown in Fig. 3.3. The three resonators were 
implemented on commercial PCB board with 0.635 mm substrate thickness, dielectric 
constant of 10, loss tangent of 0.002, and 0.0175 mm Cu layers on both sides as 
ground and conductive layer. Each circuit for simulation was designed to be a one-
port network. The unloaded Q factors were calculated using a one-port measurement 
method from the reflection coefficient S11 simulated or measured. 
 
3.2.1 Extraction of unloaded Q factor from one-port measurement 
 
Using a series LCR resonator circuit [10], the reflection coefficient Γ  of a loaded 












Γ = Δ+ +
,                                              (3.6) 
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where 0Z Rβ =  is the coefficient of coupling,  is the unloaded Q factor of the 
resonator, and 
uQ
0 1 LCω =  is the resonance frequency. At resonance frequency, the 






−Γ = + .                                                       (3.7) 
It seems Eq. 3.7 could be used to calculate the β  from the measured . However, in 
real distributive resonator circuit, only magnitude of the measured reflection 
coefficient Γ  is usable due to the phase shift in the feed line and the coupling circuit. 
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⎧ − Γ ≤⎪ + Γ⎪= ⎨ + Γ⎪⎪ − Γ⎩
.                                            (3.8) 
1β < , 1β =  or 1β >
0Γ
means that the resonator is said to be undercoupled, critically 
coupled or overcoupled to the feed line respectively. However, when the phase 
information in  is eliminated, we cannot judge which equation in Eq. 3.8 should be 
used from only the 0Γ . 
 
The Smith chart is needed to distinguish between overcoupling and undercoupling. In 
LCR resonator circuit,  is a real number. The  0Γ fΓ −  curve in Smith chart crosses 
the real axis at the positive half when 1β <  and at the negative half when 1β > , as 
shown in Fig. 3.4a. In real distributive resonators, the extra phase shift moves the 
fΓ −  curve in around the origin without changing 0Γ , the nimum  mi Γ  at resonance 
frequency. Therefore, as shown in Fig. 3.4b, the coupling status could be judged by 
the diameter of the near-round fΓ − . If the diameter exceeds 1, the radius of the 
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Smith chart, the resonator is overcoupled. If the diameter equals to 1, the resonator is 
critically coupled. Otherwise, the resonator is undercoupled. 
 
After β  is extracted, the loaded Q factor  and unloaded Q factor  could both be 





Δ  in Eq. 3.6 with 1
uQ2
, we could get 












.                                                (3.9) 
We could extract from the fΓ −  curve two frequencies 1f  and 2f , where the 
reflection coefficient equals to  calculated from uΓ β  using Eq. 3.9, as shown in Fig. 






= −                                                 (3.10)  








Fig. 3.4 The Smith chart illustration of different coupling status in (a) RLC resonators 
and (b) real distributive element resonators. 
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Fig. 3.5 fΓ −  curve used for extraction of unloaded quality factor . uQ
 
3.2.2 Q factors for different configurations and dimensions by simulation 
 
We first study resonators with strip width of 0.1 mm. The gap width dependence of Q 
factors is presented in Fig. 3.6a. The single spiral resonator has higher Q factors 
consistently for all different gap width. In the case of large strip width of 0.6 mm, the 
Q factors for resonators studied are presented in Fig. 3.6b. The resonators with 0.1mm 
gap width have lower Q factors than those with 0.2 mm gap width in contradict to the 
case of lower strip width. According to the analysis in the previous section, when the 
strip width is small, the contribution to Q factor by the field evenness dominates. 
Therefore, more even field distribution of smaller gap width will lead to larger value 
of Q factor. In contrast, when the strip width is large, the factor of reduced integration 
volume dominates and the smaller integration volume caused by a smaller gap width 





Fig. 3.6 Q factors with different gap width for tightest spiral resonators:  
(a) w = 0.1 mm, and (b) w = 0.6 mm. 
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In addition to the study of the effect of strip width (w), gap width (g) of spiral 
resonator on Q factor of the resonator, we now consider the size(s) dependence of Q 
factor. The spiral resonator with smaller size shall have less blank in the spiral center 
and more circles of spiral microstrip. The Q factors of three kinds of spiral resonators 
with 0.1 mm strip width and 0.1 mm gap width but different spiral sizes are shown in 
Fig. 3.7. For all the spiral resonators, Q factors decrease with increasing size. 
According to the sine distribution of current along the conductor line of a spiral 
resonator, the currents in neighboring conductor segments are less different in 
magnitude for smaller size spiral resonators. In this situation, as the boundary 
condition of currents in neighbor segments is more symmetric, the field should be 
more uniform. Thus the Q factor should be higher for a smaller spiral resonator. 
Furthermore, as a spiral resonator grows larger, there will be longer segments of the 
conductor line that have only one neighbor strip or even none. On one hand, this 
reduces the total effect of coupling and leads to a lower Q factor in the case of narrow 
strip. On the other hand, the less uniform current distribution in these segments would 
decrease the Q factor even further, which will be discussed in detail next. 
 
Fig. 3.8 shows the behavior of strip width dependence of Q factors of the spiral 
resonators with the smallest size (s = 2.8, 2.9, and 3.3 mm for S shape, U shape, and 
single spiral respectively), gap width (g = 0.1 mm) and a straight line resonators. For 
the spiral resonators, change of strip width does not affect Q factors as much as 
straight line resonators. This is because in the case of spiral resonators, a rather 
uniform field is formed even for the lower strip width due to the coupling of 
neighboring strips so that the field and current density distribution does not have 
much room to be made more even as the strip width increases. Moreover, the spiral 
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resonators with narrow strips have larger Q factors than the straight line resonators 
with the same strip width; while those with broad strips have lower Q factors. This is 
due to the effect of coupling of neighboring segments on resonators with different 
strip widths. 
 
Fig. 3.7 Q factors with different “tightness” at w = 0.1 mm and g = 0.1 mm. 
 
In all the results regarding spiral resonators, the single spiral resonators always have 
the highest Q factors and U shape spiral resonators always have the lowest Q factors. 
The reason lies in that the currents in the outer most line segments of the three types 
of resonators were different. Because these segments have only one nearby strip on 
one side, the current distribution shall be unbalanced and concentrate to the outer 
most side where there is no strip nearby. This will induce a higher conduction loss 
proportional to the integration of current magnitude along the outer most line segment. 
As mentioned previously, the magnitude of current has its maximum at the center of a 
half-wavelength resonator line and decreases to zero at both ends. Therefore, the 
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magnitude of current in segments nearer to the center shall be stronger. With the same 
maximum current magnitude at the centers of the spiral resonators, the single spiral 
resonator has the weakest current in border line segments and the U shape spiral 
resonator has strongest current in border line segments. Hence the single spiral 
resonator should have the highest Q factor due to the lowest conductive loss caused 
by current unbalance in the border. Furthermore, the two segments facing each other 
with currents in different directions at the center of a U shape resonator shall reduce 
its Q factor further more. 
 




3.2.3 Experimental results of Q factors of the three types of resonators. 
 
To experimentally verify the accuracy of the simulation and the conclusions obtained 
in the above discussions, three spiral resonators of different shapes with the same 0.3 
mm strip width and 0.1 mm gap were fabricated using wet etching process. The 
circuits were installed in an Inter-Continental Microwave WK-3001-CP universal 
substrate test fixture, and the reflection coefficient S11 was measured using a Hewlett 
Packard 8722D network analyzer. The unloaded Q factors of these resonators were 
calculated using the same one-port measurement method as in the simulation. The 
comparison of experimental and simulation results is listed in Table 3.1. Although the 
values of the measured Q factors are a little smaller than the simulated ones due to the 
sharpened strip edge caused by the wet etching fabrication process (as clarified by the 
SEM observation), the values of  the three Q factors remain the same relation as 
discussed above. 
 
Table 3.1 Comparison of simulation and experiment results 
 
 Single S shape U shape 
Simulation 148.6 141.3 138.1 
Experiment 116.4 110.2 103.3 
 
3.3 Summary and discussion 
 
Q factors of the three kinds of spiral resonators were investigated theoretically and 
experimentally. The effects of the strip width, gap width and spiral tightness on the Q 
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factors were explained from the view of field pattern. The strip width, gap width and 
size of a spiral resonator determine the Q factor following the electromagnetic theory. 
Among the three spiral resonators studied, a single spiral resonator with narrow strip 
and gap width should have the advantages of both high Q factor and compact size. 
 
In all kinds of parallel conductor waveguide, the parallel plate waveguide should have 
the lowest conductor loss because of the extremely uniform field and current density. 
For a microstrip, when the strip width is increased, it becomes more like a parallel 
plate waveguide and therefore has lower conductor loss. The spiral resonator could be 
considered as an efficient way to produce uniform field and current density without 
increasing the strip width, which is accomplished by the coupling between 
neighboring strips. When a narrow straight line resonator is bended into a spiral shape, 
the Q factor is increased though the total area of the device remains the same. This 
means that spiral is capable of not only changing the contour of the resonators to more 
compact shapes, but also increasing the Q factor when the requirement of 
miniaturization demands narrow microstrips. It is a very promising candidate for the 
microwave miniature distributive resonator based components. 
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Analysis of Conductor Loss in Interdigital Capacitor 
Based Measurement of Dielectric Constant of 
Ferroelectric Thin Film 
 
 
4.1 Characterization methods of ferroelectric thin films at microwave 
frequencies 
 
As introduced in Chapter 1, dielectric properties of ferroelectric thin films vary 
widely due to different stress, defects, grain shapes and sizes, and dead layers with 
different substrates and deposition methods. Therefore, accurate measured results of 
ferroelectric thin films’ permittivity, hyteresis loop, and leakage current are required 
for developing microwave tunable devices, mainly used in pre-fabrication modeling 
and simulation. Regarding the structure of capacitor, all the measurement method 
could be divided into two categories: coplanar type and parallel plate type. They 
measure the ferroelectric thin films’ permittivity in the in-plane or out-of-plane 
direction respectively. 
 
4.1.1 Parallel plate measurement structure 
 
Parallel plate varactor has been introduced in Chapter 1 as one of the two basic 
structures of ferroelectric varactors. Meanwhile, it is widely used as a method for 
ferroelectric thin film characterization. The uniform electric field inside the parallel 
plate varactors results in a simple equation for the extraction of complex permittivity 
from the capacitance. It is always easy to obtain the accurate capacitance of a parallel 
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plate capacitor at low frequencies. However, at microwave frequencies, the parasite 
inductance and resistance from the varactor structure and the feed line might bring 
large errors to the measured capacitance. Therefore, the concentric circles shape 
varactor [1] with the smallest parasite inductance and resistance has been widely used. 
Furthermore, although the calculated permittivity is always an effective value 
including the information from the dead layer effect, it is useful in determining the 
varactor’s size to reach the required capacitance if the multilayer structures are the 
same. 
 
4.1.2 Coplanar measurement structure 
 
When developing microwave tunable devices with coplanar varactors, the permittivity 
obtained through parallel plate measurement is not appropriate for the modeling and 
simulation because of the huge difference in substrates and electric field direction. 
Therefore, coplanar structure test fixture must be used in this case. There are 
generally three kinds of coplanar measurement structures including resonator based 
measurement such as the flip-chip non-destructive one developed previously in 
CSMM [2], the coplanar waveguide (CPW), and the interdigital capacitor (IDC).  
 
The one developed in CSMM integrated two features: the flip-chip method and the 
resonator based measurement structure. The flip-chip structure has the advantage of 
not destroying the thin film during measurement and the resonator structure could 
give accurate result of loss tangent through the measurement of Q factor. However, 
the air gaps in flip-chip method make the measurement result unreliable and only the 
permittivity at the resonance frequency could be obtained. Due to these two 
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shortcomings, the usage of this method is quite restricted comparing with the other 
two methods. 
 
The CPW and IDC methods are both based on the same coplanar capacitor structures 
so that similar conformal mapping methods could be applied to extract the 
permittivity from the measured transmission line properties or capacitance [3,4]. 
Comparison of these two methods has been discussed in [5,6,7]. Since the CPW 
method is a transmission line based two-port measurement considering both the 
inductance and capacitance, it can provide accurate results in a wide range of 
frequencies. However, extracting the parasite inductance in an IDC is a very 
complicated problem which could only be solved to certain level of accuracy by series 
of computer simulation [8]. Therefore, only at low frequencies where the impedance 
of the parasite inductance is very small, the permittivity acquired through conformal 
mapping of an IDC could be considered to be reliable and accurate enough. 
 
4.1.3 The subtraction of conductor loss 
 
For both CPW and IDC methods, it is difficult to subtract the conductor loss from the 
resulting loss tangent, because the conformal mapping-based models used in these 
methods do not count in the conductor loss. The conductor loss can be removed by 
comparing a test line and a reference line [9], using the CPW methods. However, 
extra work has to be paid to fabricate a reference line. Furthermore, the contact 
resistance between probes and circuits may bring more error in the resulting loss 
tangent, which cannot be subtracted easily by using a reference circuit because the 
contact resistance will differ at every individual contact. In these methods, thick 
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conductor films were always required to minimize the error brought by conductor loss, 
which increased the cost of the measurements. In this work, we present a simple 
method to subtract the conductor loss and contact resistance in the IDC method. 
Results with acceptable accuracy could be acquired using IDCs made of thin 
conductor films. The IDC method is chosen for this investigation because of its 
simplicity in both the fabrication and measurement. 
 
4.2 Calculation of the conductor loss 
 
At the measuring frequencies of several MHz, the penetration depth in gold, which 
was used as the conductor for our IDCs, is about tens of microns. The thickness of the 
gold strips in the IDCs and the dimension of the probe contact are much smaller than 
the penetration depth. Therefore, the current density in the conductor is evenly 
distributed. Thus, the variation of resistance of the IDC fingers follows /R l Aρ= , 
where ρ  is the resistivity, l  is the length of the conductor and A  is the area of the 
transverse section. 
 
The probe contact could be easily considered as a series resistor. The calculation of 
the IDC’s conductor loss is a little complicated. However, considering that the 
resistance of the fingers of an IDC should be much smaller than the impedance of the 
capacitor in most cases, we could have a simple approximation. 
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 Fig. 4.1 Top view of a section of an IDC. Dotted rectangular is the base unit of an 
IDC. The arrow indicates the direction of the x-axis. 
 
The conductor loss could be considered as perturbation to an IDC made of a perfect 
conductor. An IDC can be seen to be made up of shunt-wound base units as shown in 
Fig. 4.1. Each unit contains the inner halves of two neighboring fingers. When there is 
no conductor loss, the voltage should be a constant along each finger and the voltage 
drop between two neighboring fingers should be equal to the source 0
i tV e ω . 
Neglecting the effect of the fingers’ ends, the charge should be distributed evenly 
along each half finger, 
0( , )
i tCV eq x t
l
ω
= ,                                                   (4.1) 




ρ∂∇ ⋅ + =∂
r
,                                                    (4.2) 
the current distribution in each half finger could be obtained, 
0( , )
i t xI x t i CV e
l
ωω= .                                                  (4.3) 
 61
The current flowing through each unit should be 0
i tI i CV e ωω= . When conductor loss 
is introduced, each finger has a resistance of R distributed evenly along the length l. 
Therefore, each half finger has a resistance of 2R as the width is reduced to half. By 
considering a first order perturbation, the power dissipated in both of the two half 
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.                                            (4.4) 
A same equation could be obtained if we connect a series resistor of 2 / 3R  to each 
finger of an IDC with the perfect conductor. Therefore, taking into account all the n 
fingers in an IDC, the effect of conductor loss can be seen as a series resistance, 
2 / 3conductorR R n=                                                (4.5) 




i C iCω= +′ ′′+ R                                            (4.6) 
where C  and are the real and imaginary part of the capacitance of an IDC with 
perfect conductor.  is the sum of conductor loss in the IDC and the contact 
resistance between the IDC and test probes. Considering the fact that C , the 








i C Cω ω R
′′≈ − +′ ′                                           (4.7) 
It can be seen that  only appears in the real part of the impedance. In normal 
experiments, the contact resistance would be kept as small as possible. Therefore, the 
 could be approximated as conductor loss and can be easily calculated using 




experimental measurement, the value of C′  and C′′  could be obtained from Eq. 4.6. 
Hence the value of ε  and loss tangent could be calculated by the conformal mapping 




A BST-0.5 thin film with thickness of 0.4 μm was deposited by pulsed laser 
deposition (PLD).  The gold films were deposited by a simple coating machine using 
DC sputtering method and were about 10 nm thick. The IDCs were fabricated by 
lithography and wet etching. The impedance of the IDC is measured by a HP 4192A 
LF Impedance Analyzer. 
 
To achieve acceptable accuracy at low frequencies, large capacitance is required. 
Therefore, the IDC pattern was designed to have 51 fingers with 6 mm finger length, 
30 μm finger width and 30 μm finger separation. 
 
4.4 Results and discussion 
Using Eq. 4.5, the  of the IDC could be calculated as 5.5coR nductor  Ω . Also, the real 
parts of the impedances of the IDC at different frequencies are plotted in Fig. 4.2. The 
fitted intercept of about 5.6  and 4 Ω 5.44 Ω  at different bias voltages are quite close to 
the  calculated. Actually, if the loss tangent is assumed to be frequency 
independent, it can be seen from Eq. 4.7 that the real part of the impedance should 
have linear dependence on 1/
conductorR
ω  with slope of 2C/C′′ ′  and intercept of . The 
actual frequency dependence of the loss tangent of a ferroelectric thin film is a 
complicated problem involving the internal loss, the charge defects, and the local 
conductorR
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 Fig. 4.2 Frequency dependence of the real parts of impedance. The straight lines are 
the linear fits. The slope of the fit line is 2/C C′′ ′−  and the intercept is . conductorR
 
 
polar regions. Different groups have reported the αω  dependence of the loss tangent 
with different values of 1/3α =  [10], 1α =  [11], and 1/ 2α =  [12]. However, our 
experiment results show a constant loss tangent in MHz frequency range, which is 
another commonly seen relationship [13]. In this relationship, capacitances and 
 of the IDC at 0 and 35 V bias are acquired using linear fitting parameters and 
Eq. 4.7. Corresponding permittivity of the BST thin film is calculated by formula 
provided in Appendix A. All data are presented in Table 1. At 35 V bias, which is the 




Table 4.1 Capacitance,  of the IDC and dielectric constant of the BST thin 
film at 0 and 35 V bias 
conductorR
 
Bias (V) C′  (pF) C′′  (pF) conductorR (Ω) ε tanδ 
0 46.1 -0.34 5.64 1021 0.017 
35 45.6 -0.32 5.44 995 0.017 
 
Like the non-uniform electric field in the ferroelectric thin film of a varactor, the bias 
field introduced by the DC bias voltage is not uniform. Therefore, the RF permittivity 
in the ferroelectric thin film is not uniform also. The above permittivity at 35 V bias is 
only an average value, as all the results in other groups’ coplanar structure based 
measurement.   
 
4.5 Summary and discussion 
 
In summary, we have proposed a procedure to include the conductor loss in the IDC-
based dielectric constant measurements. The conductor loss can be included in the 
expression of impedance Z by implicitly calculating the  by conductorR /R l Aρ= , if the 
thickness of the gold film is known and the quality of the probe contact is good 
enough. However, the thickness of the conductor may not be easily measured 
accurately and the contact resistance may not be negligible in some occasions. In our 
second method, the  can be obtained by linear fit to the frequency dependence 
of the real part of impedance, under the assumption of a constant loss tangent over the 
frequency range. The mechanism of frequency dependence of loss tangent is not well 
understood by far. It seems that the different microstructures of the ferroelectric thin 
films from various groups may explain the difference in the experimental results of 
conductorR
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frequency dependence of loss tangent. Whatever the frequency dependence of loss 
tangent is, once it is known and does not have a linear portion, the conductor loss and 
permittivity could be separated through a similar fitting method. Although 
measurements in this research were carried out at MHz frequencies for the purpose of 
simplicity and low cost, the method of conductor loss subtraction could also apply to 
microwave frequency range. 
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Planar Tunable HTS Microwave Broadband Phase 
Shifter with Patterned Ferroelectric Thin Film 
 
 
Many communication and radar systems are based on phased-array antennas for 
achieving electronic beam control and fast beam scanning. Continuously variable 
phase shifters are the most critical components of phased-array antennas. In recent 
years, the hybrid high temperature superconductor (HTS)/ferroelectric multilayer thin 
films have been widely used for developing electrically tunable planar microwave 
phase shifters [1-3]. The ferroelectric material Ba0.1Sr0.9TiO3 (BST) has a Curie 
temperature near liquid nitrogen boiling temperature (77 K). Therefore it experiences 
large permittivity change under electric field variation at 77 K, which makes it a 
potential candidate for tunable HTS microwave devices. The HTS thin film, which 
has very low surface resistance is chosen to realize fast, compact, low power, and low 
loss electrically tunable planar microwave devices. 
 
The coplanar structures such as coplanar waveguide (CPW) [3] and coplanar-strip 
(CPS) [4] have a good nature of multiple strips which allows easy implementation of 
ferroelectric varactors and hence makes them most suitable for developing broadband 
tunable phase shifters or delay lines. However, with both signal and ground strips on 
the same side of substrate, the coplanar phase shifters are difficult to be integrated 
with other microstrip devices. In this phase shifter, baluns [5] are used as transducers 
between the CPS and microstrip input/output, and to match the impedance of the CPS 
to the 50 Ω microstrip. 
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 Most of the planar microwave tunable devices use a whole layer of ferroelectric thin 
film between the conductor layer and the substrate. This leads to poor devices 
performance due to mainly two reasons. Firstly, the relatively high loss tangent of 
BST thin film would leads to high energy dissipation and therefore high insertion loss. 
Secondly, unwanted tuning in parts of the circuit would complicate the wave 
propagation in the circuit and degrade the performance. These problems could be 
overcome by using ferroelectric thin film that are patterned such that the ferroelectric 
thin film exists only on selected areas of the substrate required for tuning. A tunable 
filter based on this patterned ferroelectric method developed previously in CSMM 
was presented in [6]. 
 
In this chapter, a broadband CPS analogue distributed phase shifter using ferroelectric 
thin film Ba0.1Sr0.9TiO3 (BST) and HTS thin film YBa2Cu3O7-δ (YBCO) with 
microstrip input/output is designed, implemented and measured. In this phase shifter, 
conductor loss is negligible for fabricating transmission lines using YBCO, and 
dielectric loss is minimized by patterning of the BST thin film. 
 
 
Fig. 5.1 Lossless equivalent lumped-element circuit of the phase shifter. 
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5.1 Circuit design 
5.1.1 Propagation properties of the transmission line periodically loaded with 
varactors 
 
The phase shifter is basically a high impedance transmission line periodically loaded 
with varactors at a space of . The equivalent lumped-element circuit of the phase 
shifter is shown in Fig. 5.1 with loss neglected.  and  are the capacitance and 
inductance per unit length of the unloaded line and C  is the capacitance of the 













L C C l
=
)+ Δ .                                               (5.2) 
For a CPS line with a length of l, the phase shift could be derived as 
0 02 ( /vlf L C C lφ π= + )Δ ,                                             (5.3) 
which clearly shows that the phase could be tuned by altering the capacitances of the 
varactors. 
 
In this phase shifter, the varactors adopt a patterned ferroelectric thin film based 
coplanar structure. The layer structure and photograph of the varactors are shown in 
Fig. 5.2. The varactor consists of two pieces of HTS thin film and one piece of 
ferroelectric thin film between them in the same plane. The DC and RF electric fields 
are in the in-plane direction in the ferroelectric patch. Though these coplanar 
varactors have less tunability than parallel plate varactors, they have advantages of 
simplicity of fabrication process and relatively low capacitance which allows easier 
impedance match of the transmission lines. The overlap regions of the ferroelectric 
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Fig. 5.2 (a) Layer structure of the varactors. (b) Photograph of a segment of the CPS 
line loaded with three varactors. 
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5.1.2 Optimization of tunability 
 
The first step in designing the phase shifter is to determine the dimensions of each 
part of the CPS line to achieve the highest tunability while maintaining the impedance 
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,                                  (5.4)                              
where  is the capacitance of the varactor at zero bias. The term  is 
the ratio of the percentage change of the varactor capacitance to the change of DC 
bias, indicating the tunability of the varactor. In our varactors, this term is mainly 
affected by the width of the gap between the conductors because a narrower gap 
should result in stronger electric field in the BST thin film at a given DC bias. 
Therefore, the gap should be as narrow as possible for maximum tunability. 
Meanwhile, as can be seen from Eq. 5.4, larger tunability also requires larger , 
larger  and smaller . However, if 
0vC
0 /vC
0( / ) /v vC C UΔ Δ
L0
l lΔ 0C 0 /vC Δ  is too large, the impedance of the 
CPS line in Eq. 5.1 would be too small to be matched. Therefore, for maximum 
tunability, the strip width should be as small as possible to achieve the largest  and 
the smallest . At the same time, by altering the thickness of the BST thin film and 
the length of the varactor,  could be adjusted to maintain the impedance of the 
CPS line. Furthermore, if lower impedance of the CPS line is allowed,  could 










Fig. 5.3 Layout of the conductor layer (a) with dimensions in mm (b). 
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The layout of the conductor layer is shown in Fig. 5.3. The fan stabs work as RF 
grounds for the baluns and electrodes for applying DC field at the same time. The 
baluns work as the transducers between the microstrips and the CPS line as well as an 
impedance matching network. As described in reference [5], each balun is composed 
of two / 4λ  long coupled line directional couplers. The impedances of the microstrip 
( mZ ), the CPS line ( Z , and the even and odd modes of the directional coupler ( eCPS ) Z  
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Z Z ZZ Z
Z Z Z Z
= =− − ,                                       (5.5) 
where mZ  should always be 50  for integration with standard systems. As discussed 
in last paragraph,  should be as low as possible to achieve the highest tunability, 




Z  and the largest /e oZ Z  at the same time. This 
requirement could be achieved by using a directional coupler with the narrowest gap 
and the widest strip width [7].   
 
For the highest tunability, the circuit is optimized according to the above discussions. 
The transmission line strips and the gaps of the varactors are all 30 μm wide, as well 
as the gaps of the directional couplers in the baluns. The width of the strips in the 
baluns is 170 μm which is large enough as further increase of the width would not 
increase eZ  much. The length of the varactors is properly adjusted to assure 
impedance matching. The dimensions of the conductor layer are shown in Fig. 5.3b. 
The minimum dimension of 30 μm is the limit of the economic soft photo mask used 
in our fabrication process. Fabrication processes of higher resolution could further 





500 nm thick YBCO and 500 nm thick BST were deposited on 10  mm3 
LaAlO3 (LAO) substrate using PLD technique described in Chapter 2. The 150  
μm2 BST patches were fabricated using the lift-off method presented in [8].  In brief, 
the method uses an YBCO film as a refractory masking layer. By patterning a 
negative image of the required BST thin film pattern using a conventional UV 
photolithography technique and wet etching in diluted weak acid such as H3PO4, the 
subsequently deposited BST thin film was grown directly on the LAO substrate in the 
required regions or on the YBCO mask in other regions. At last, the remaining YBCO 
masking layer in unwanted regions is etched away with diluted nitric acid in 




After the substrate with the patterned BST thin film was prepared, a 500 nm thick 
YBCO thin film was deposited on it as a conductor layer. The circuit was then 
fabricated by the same process patterning the masking layer. The whole circuit was 
packaged in a hermetic brass casing as described in Appendix B. 
 
5.3 Measurement results 
 
The scattering matrix of the phase shifter was measured by an HP 8722D vector 
network analyzer (VNA) at 77 K. All measurements were taken from 6 GHz to 12 
GHz at a step of 5 MHz. The phase shift between the microstrip input and output, the 









Fig. 5.4 The measured S parameters of the phase shifter at 0-200 V bias. (a) phase 
shift. (b) Insertion loss. (c) Return loss. 
 
DC bias are shown in Fig. 5.4. The phase shifter has a good broadband response from 
7 GHz to near 11 GHz with insertion loss less than 2 dB and return loss greater than 
10 dB. The frequency response of the phase shift is nearly linear from 7.5 GHz to 
10.5 GHz. At DC bias of 200 V, an average phase shift of near 20 degree has been 
achieved. The phase shift is not large enough because the strips and gaps are quite 
wide in the present design for easy fabrication. Meanwhile, in the present circuit, with 
relatively wide strips and short CPS line, the YBCO film does not prevail much in 
insertion loss against normal conductors such as Au or Cu. As discussed in the circuit 
design section, the phase shift, as well as the tunability, could be improved by 
decreasing the width of the strips and the varactors’ gap or simply increasing the 
length of the CPS line. However, if normal conductor is used, the narrow strips and 
long CPS line may result in large insertion loss. Therefore, in the improved design, 
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HTS materials such YBCO, whose conductivity is much higher than normal 





A broadband phase shifter based on HTS and patterned ferroelectric multilayer 
structure has been designed, fabricated and measured. The phase shifter has a good 
broadband response from 7 GHz to 11 GHz with low insertion loss and high return 
loss. It also has the advantage of separated bias circuit and microstrip input/output. 
Though the phase shift is not large enough and high bias voltage is required, the 
performance on tunability could be significantly improved by using high resolution 
lithography and etching process. 
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Coplanar and Parallel Plate Combo Varactor 
 
 
6.1 Integration of coplanar and parallel plate varactor 
 
The phase shifter in the previous chapter, as well as many other tunable ferroelectric 
devices, is based on the coplanar varactor. However, as discussed in Chapter 1, the 
coplanar varactor requires much higher bias voltage than parallel plate varactors to 
achieve the same level of tunability. However, the parallel plate varactors fabricated 
using low resolution fabrication techniques have relative large area and hence large 
capacitance. This is not suitable for devices requiring impedance matching, such as 
phase shifters, the varactors need to have capacitance low enough due to the low 
inductance in distributive microwave components. If high resolution fabrication 
technique is introduced, the problem between the tunability and the capacitance can 
be either solved by reducing the area of the parallel plate varactor to decrease the 
capacitance, or by narrowing down the inter-conductor gaps of the coplanar varactor 
to increase the tunability. In this chapter, another solution that does not require high 
resolution fabrication techniques is presented. 
 
Despite the difference in shape, both coplanar and parallel plate ferroelectric varactors 
have the fundamental structure of a capacitor, two electrodes for charge accumulation 
and an interspace for voltage drop. The interspace is fully or partially filled with 
ferroelectric material for parallel plate or coplanar varactors respectively. The bias 
electric field is introduced by a DC bias voltage between the two electrodes. The only 
 81
method to minimize bias voltage through structural modification is to reduce the 
distance between the two electrodes, which results in an increase of bias electric field 
at certain bias voltage. However, this method will also increase the capacitance. This 
is caused by the fact that the electrodes for high frequency microwave capacitance 
and DC bias are the same. In the present work, we aim to separate the DC bias circuit 
with the microwave capacitance circuit. By doing this, we could take both the 
advantages of lower bias voltage for DC circuit by using parallel plates and the ease 
of design and fabrication of the coplanar microwave circuit. The challenge lies in the 
suppression of current generated by microwave electromagnetic field across DC 
electrodes. In a sense, the DC electrodes are “transparent” to the microwave 
electromagnetic field. We therefore require high resistance in the electrodes. Our 
proposal is to use high resistivity conductor thin films with minimum thickness. 
 
Fig. 6.1 shows a way to achieve this concept. The new varactor is a combination of 
the coplanar and the parallel plate varactors. The “transparency” of DC bias 
electrodes achieved by very thin low conductivity films will be discussed in detail in 
the following section.  
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Fig. 6.1 The integration of coplanar and parallel plate structures in a single varactor. 
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6.2 The behavior of low conductivity thin film in microwave field  
 
Fig. 6.2 Placement of the thin film perpendicular to (a) propagation direction, (b) 
magnetic field, and (c) electric field. 
 
In order to understand the effect of low conductivity thin film on microwave 
electromagnetic wave, we did analytical solution for the case of a thin film placed in a 
parallel plate waveguide. In order to avoid the mathematical difficulty in deriving 
formulas for the electromagnetic field interacting with the thin film placed at random 
direction, we simplify the problem into three typical conditions, where the film is 
placed perpendicular to the electric field, magnetic field, and propagation direction 
separately, as shown in Fig. 6.2. To further simplify the derivation, the parallel plate 
waveguide has finite width with perfect magnetic conductor (PMC) boundary 
condition at both side walls and perfect electric conductor (PEC) boundary condition 
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at the top and the bottom walls. The relative permittivity rε  and permeability rμ  of 
the thin film are taken to be 1 and the parallel plate waveguide is assumed to be filled 
by air. 
 
6.2.1 Film perpendicular to the propagation direction 
 
 
Fig. 6.3 Model of a thin conductor film perpendicular to the propagation direction in 
(a) oblique view, and (b) side view, with E, H and K representing the directions of 
electric field, magnetic field and wave propagation respectively.  
 
The structure of this problem is shown in Fig 6.3. The conductor film can be 
considered as a section of a TEM wave transmission line with very short length of . d
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The propagation constant γ  and the character impedance Z  of the transmission line 
are 




σ= ,                                               (6.2) 
where 2 fω π=  is the angular frequency and σ  is the conductivity of the conductor 
film. Considering an one port model where this transmission line is terminated in a 
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From Eq. 6.1, for gold, a very good conductor, the value of γ  can be calculated as 
 m-1 at 10 GHz. For lower frequencies 61.93 10× ω  or other conductor with lower 
conductivity, such as oxide conductor La0.7Sr0.3MnO3 (LSMO), the value γ  is 
expected to become smaller according to Eq. 6.1. In our case, the thickness of the 
conductor film is in the order of 10-8 m. Therefore, the value of dγ  in Eq. 6.3 is in 
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As LZ  is an arbitrary value, LZ d Zγ    is valid in normal case, Eq. 6.4 can be further 









,                                           (6.5) 
where  is the resistance of the conductor film between the two PEC plane of the 
parallel plate waveguide. From Eq. 6.5, it can be seen that the conductor film behaves 
as a resistance  parallel to the load impedance 
r
r LZ . 
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which can be represented by a shunt resistance equivalent circuit as shown in Fig. 6.4. 
 
 
Fig. 6.4 Equivalent circuit of the conductor film perpendicular to the propagation 
direction, where r Z dγ= . 
 
Therefore, by using both one-port and two-port model, we show that the conductor 
film perpendicular to the propagation direction is equivalent to a shunt resistance. 
This is consistent with the DC approach that the thin film placed across two 
conducting wires appears as a shunt resistance. 
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6.2.2 Film perpendicular to the magnetic field 
 
Fig. 6.5 Model of a thin conductor film perpendicular to the magnetic field in (a) 
oblique view, and (b) front view. 
 
Next we consider the case that the thin conductor film is placed perpendicular to the 
magnetic field, as shown in Fig. 6.5. The electric field in the y  direction drives a 
current and produces magnetic field in z  direction. Therefore, we hypothesize a TE 
mode in the waveguide in Fig. 6.5. Because of the structure’s symmetry, we consider 
only the electromagnetic wave in half of the space, i.e. x 0< . The TE wave at 
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The TE wave in the conductor film, i.e 0
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The term ze γ−  in all the field components is neglected throughout. As the conductor 
film is considered as a perturbation to the parallel plate waveguide, the change from 
the TEM electromagnetic field is expected to be small. The term cos
2c
wk x⎛ ⎞+⎜ ⎟⎝ ⎠  is 




d− < < −  and the propagation constant is 
approximately equal to the propagation constant of the TEM wave. This should give 
rise to the conditions  , 1ck w   0 0jγ ω μ ε≈  and 1ck d′   . Hence, from the 
electromagnetic field continuity at the surface of the conductor film, i.e. 
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Fig. 6.6 Equivalent circuit of a lossy transmission line with shunt resistance. 
 
We now model the configuration shown in Fig. 6.5 as an equivalent circuit shown in 
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Substituting the capacitance per unit length C  and the inductance per unit length  of 
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Comparing Eq. 6.15 with Eq. 6.11 and 6.12, we could find 
hR r
dσ= = ,                                           (6.16) 
where  is the resistance per unit length of the conductor film between the two PEC 
surface of the parallel plate waveguide. Therefore, the existence of the conductor film 
could be treated as a shunt resistance. The result is also expected in DC approach and 





6.2.3 Film perpendicular to the electric field 
 
Fig. 6.7 Model of a thin conductor film perpendicular to the electric field in (a) 
oblique view, and (b) front view. 
 
Lastly we consider the case that the conductor film is perpendicular to the electric 
field, as shown in Fig. 6.7. On the analogy of the case of the conductor film 
perpendicular to the magnetic field, we predict a TM mode in the waveguide in Fig. 
6.7. Similar to the TE mode, we could derive the expression of the TM wave. In the 
lower air part, i.e. 
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In the conductor film, 0
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Instead of the shunt resistance equivalent circuit of the case that the conductor film is 
perpendicular to the magnetic field, the conductor film behaves like a serial resistance 
in this case, as shown in Fig. 6.8. The propagation constant and character impedance 
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 Fig. 6.8 Equivalent circuit of a lossy transmission line with serial resistance. 
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ε= = ′ ,                                     (6.22) 
where  is the resistance per unit length of the conductor film calculating along y 
axis and 
r′
0 377η = Ω  is the wave impedance in free-space.  
 
In the two former cases, the conductor film connects the two PEC surfaces of the 
waveguide. Its behavior of a shunt resistance between the two PEC surfaces is 
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consistent with the DC approach. In this case, the behavior of the conductor film in 
microwave differs from that in the DC approach. At DC, the conductor film is just a 
conductor layer dividing an original parallel plate capacitor into two capacitors in 
series, which only reduces little of the capacitance at microwave frequencies, the fast 
oscillation and propagation of electromagnetic field arouses current in the conductor 
film and hence damping of the wave propagation. Considering this propagation 
related behavior, the appearance of 0η  in Eq. 6.22 is reasonable. 
 
6.2.4 Summary – the perturbation of conductor film 
 
Overall, a thin low conductivity thin film in microwave could be approximated as 
either a shunt resistance when the electric field is along the surface, or a more 
complicated serial resistance involving wave impedance when the electric field is 
perpendicular to the surface. In both electric filed directions, the magnitude of the 
perturbation is proportional to dσ , the product of the conductor film’s thickness and 
conductivity. The conductor can be considered “transparent” at microwave 
frequencies as far as dσ  is small. We therefore use the DC bias electrode as thin as 
possible (  nm) with low conductivity materials LSMO and YBCO. 20 70− 
 
6.3 The fabrication and measurement set-up of a prototype 
 
We fabricated a prototype varactor using this combo structure. The multilayer 
structure of Ba0.5Sr0.5TiO3 (BST) 300 nm / La0.7Sr0.3MnO3 (LSMO) 20 nm / LaAlO3  
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 Fig. 6.9 Photograph of the top view of the varactor, where the electrodes are marked 
as 1, 2, 3. The IDC is consists of electrode 1 and 2. Electrode 3 is designed for DC 
bias. 
 
(LAO) 0.5 mm was prepared by PLD technique. Subsequently, a Au 20 nm / Cr 20 
nm seed layer was deposited by magneto sputtering. Onto the seed layer, 3 μm Au 
was electroplated as a conducting layer. The microwave electrodes were patterned 
using contact lithography and wet etching. At last, a 50 nm YBa2Cu3O7-δ (YBCO) top 
DC electrode was deposited by PLD. The top view photograph of the varactor is 
shown in Fig. 6.9. The two inner electrodes form an interdigital capacitor (IDC). The 
outer electrode was designed for applying DC bias. The fingers and gap in the IDC 
are 28 μm and 22 μm wide respectively. 
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 The varactor was measured by an Agilent N52320A PNA series network analyzer 
connected using a 40A-GSG-150 picoprobe by BBG Industries Inc.. Two methods of 
DC biasing were tested. One is to apply DC bias directly between the electrode 1 and 
2. The other is to apply DC bias between the IDC and the electrode 3, with the 
electrode 1 and 2 shorted through a bias-T. 
 
6.4 Results and discussions 
6.4.1 The quality factor 
 
 
Fig. 6.10 Capacitance and quality factor of the varactor at 0 bias. 
 
Fig. 6.10 shows the measured capacitance and quality factor of the varactor with no 
DC bias. The quality factor of the varactor is quite low (the acceptable value of 
quality factor at 10 GHZ is about few tens). In a conventional ferroelectric coplanar 
varactor, the high permittivity of the ferroelectric thin film results in a near PMC 
 97
boundary at the top and bottom surfaces of the ferroelectric thin film. Therefore, the 
electric field is almost along this surface. According to the discussion in 6.2, when the 
DC bias electrodes are introduced, their perturbation to the IDC should be considered 
as parallel resistance to the original capacitance. The impedance of the combo 
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Judging from the low quality factor of the prototype, the dielectric loss should be 
neglectable compared with the large conductor loss. Therefore, the capacitance could 
be considered as a real number and the quality factor of the capacitor is 
Q CRω= .                                               (6.25) 
The equation agrees with the abnormal rising of quality factor against frequency 
increasing in Fig. 6.9. At 10 GHz, the capacitance is 0.6 pF and the Quality factor is 
about 1.8. The R  could be calculated to be 14 Ω. If the part of the DC electrodes in 
the gap of the IDC is considered the source of R , the average conductivity of the top 
and bottom electrodes could be obtained as 2 110  cm 11.5 − −× Ω  by calculating a film 
with thickness of 70 nm and width to length ratio of 70 determined by the dimensions 
of the gap in the IDC.  
 
The measured quality factor does not agree very well with the parallel resistance 
model. This may be owing to two reasons. Firstly, the PMC boundary condition 
assumed at the interface between the ferroelectric thin film and the substrate is a result 






Fig. 6.11 Tunability of the varactor using different biasing method. (a) Bias applied 
between the two conductors of the IDC,  and (b) Bias applied between the outer 
conductor and the IDC. 
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bottom DC electrode so that the parallel resistance model is not accurate. Secondly, 
the dσ  of the DC electrodes in the prototype is not small enough, which may result in 
the failure of the perturbation method. 
 
6.4.2 The tunability 
 
The tunability of the varactor is shown in Fig. 6.11 with two different bias applying 
methods. At 40 V bias, the tunability of both the bias methods is around 20%, which 
is much higher than the tunability of a coplanar IDC varactor at the same gap width 
but without DC bias electrodes. 
 
6.4.3 Film continuity of the DC electrodes 
 
In the fabrication of the prototype, the film continuity of DC electrodes thin film is a 
concern because the film is very thin. LSMO and YBCO are chosen to be the 
electrode material because they are familiar materials in our lab and have relatively 
low conductivity. However, their conductivity is not as low as we wish. Therefore, 
very thin layers are required to make up smallness of dσ . To ensure film continuity, 
we use conservative 20 nm of LSMO as the bottom DC electrode on the smooth 
surface of the LAO substrate and a thicker (70 nm) YBCO is used as the top DC 
electrode to fully cover the rougher surface of the BST thin film. 
 
The continuity of the films is guaranteed from the varactor measurements. When the 
bias is applied between the outer DC bias pad and IDC, a distinct tunability shown in 
Fig. 6.11b was observed, indicating that the LSMO bottom DC electrode is 
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continuous. The DC bias is applied through the LSMO bottom DC electrode and 
YBCO top DC electrode and passed to the BST thin film under the IDC. Meanwhile, 
the observed DC resistance between the microwave IDC electrodes ensures that the 
YBCO thin film has covered the gap region of the IDC. 
 
6.4.4 Tunability with different bias direction 
 
In conventional coplanar and parallel plate varactors, the microwave electric field EΔ  
is always in the same direction as the DC bias electric field DCE . Therefore, the 
microwave permittivity is 





ε ′= = DCD E ,                                       (6.26) 
which is the slope of the line tangential to the D E−  curve at ( )( ),DC DCE D E , as 
discussed in Chapter 1. However, in this combo varactor, the microwave electric field 
can be perpendicular as well as parallel to the DC bias electric field. In this case, the 
effective permittivity in Eq. 6.26 could not be applied. To discuss this question, the 
permittivity tensor is considered as isotropic, which is true for the paraelectric phase 
of the ferroelectric material BST. As shown in Fig. 6.12, the total electric field is the 
sum of the vector microwave mE
r
 and DC bias DCE
r
 has the magnitude, considering 
m DCE E  , 
2 2
2
              
2














 Fig. 6.12 Electric field (a) and displacement (b) in an isotropic ferroelectric material 
when the microwave electric field is perpendicular to the DC bias field. 
 
The displacement electric field D
r
 should be in the same direction as DC mE E+
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The projection of mD
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by neglecting the second order infinitesimal. The projection of mD
r





















 ,                                  (6.30) 
with only first order infinitesimal kept. Therefore, the microwave permittivity at a 
perpendicular DC bias electric field DCE
r
 is 





ε = ,                                               (6.31) 
which is the slope of the line connecting the origin ( )0,0  and the point 
( )( ),DC DCE D E  in the D E−  curve. The difference in microwave permittivity when 
mE
r
 is along or perpendicular to DCE
r
 is shown in Fig. 6.13. The magnitude of the 
microwave permittivity in these two cases depends on the actual D E−  curve of 
individual ferroelectric material. 
 
Calculating tunability of the combo varactor is very difficult because of the non-
uniformity of the direction and magnitude of the microwave electric field in the IDC’s 
coplanar structure. Furthermore, when the bias is applied between the two conductors 
of the IDC, the direction and magnitude of the DC bias field in the gap region also 
varies with position. Nevertheless, above derivation proves that no matter what the 
direction of the DC and microwave electric field are, the nonlinearity of a ferroelectric 
film always can provide tunability for the varactors. 
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 Fig. 6.13 The microwave permittivity when mE
r




6.4.5 The RC delay 
 
The main unavoidable disadvantage of the combo structure is the RC delay. Demand 
for high quality factor requires the DC electrode film with thickness and conductivity 
to be as low as possible. However, the large resistance results in a long RC delay time 
RCτ =  for bias applying. In other words, the device’s tuning speed is slow. The RC 
delay could be reduced by decreasing the capacitance and resistance of the DC bias 
circuit, such as using smaller structures or etching away the futile part of the DC 
electrodes. However, this reduction often conflict with the requirement of certain 
magnitude of capacitance. Therefore, it seems a dilemma to choose between the 
varactor’s quality factor and capacitance value for easing network matching. In real 
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application, the choosing of the combo structure should be an advantage depending on 
the requirements of each individual application.  
 
6.5 Summary and future expectation 
 
The proposed combo structure varactor has high tunability, low capacitance, and low 
fabrication difficulty. Experiment results of the prototype match with the expected 
high tunability. Although the quality factor is quite low for now, it is expected to be 
greatly improved by decreasing the thickness of the DC electrodes or using materials 
with lower conductivity. For this purpose, detailed study on the deposition of DC 
electrode is in progress. 
 
At the beginning of the study, the varactor was designed to have two DC electrodes to 
apply uniform bias field in the ferroelectric thin film. This could produce strong bias 
field all over the ferroelectric thin film and hence maximum tunability. However, 
although the bias field in the gap of the IDC is not strong when the bias is applied 
between the two conductors of the IDC, a comparable tunability is still observed. The 
mechanism is not well understood yet. It may be due to the discontinuity of the DC 
electrode or the different microwave permittivity at various bias field directions. 
Whatever the underlying mechanism is, it indicates that any change in the bias field 
distribution may have positive effect on the tunability of the varactor. Therefore, only 
the top or bottom DC electrode alone might be able to improve the tunability of 
conventional coplanar varactors as well. Besides, with only one DC electrode, the 
quality factor of the varactor should be improved. The study of this one DC electrode 
effect is also in progress. 
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 One of this combo varactor’s advantages is the simplicity of fabrication. This may be 
useful in high temperature superconductor (HTS) tunable devices. According to the 
experience in CSMM, it is difficult to achieve acceptable quality of BST thin films 
deposited on the rough surface of HTS material YBCO. Therefore, development of 
HTS parallel plate varactors is very difficult and the only way to improve the 
tunability is to reduce the gap of the coplanar varactors by far. With the simple 
fabrication of bottom electrode, the combo structure might be able to provide an 






This work was started with the microstrip miniature spiral resonator and filters, as a 
continuous research in CSMM. The relationship between the quality factor and the 
spiral shape and dimensions was studied. We discovered the most important nature of 
the spiral resonators on its ability to reduce the size of the circuit with the quality 
factor maintained. This property is useful for the miniature of distributive microwave 
resonators as they are always considered not suitable for low frequency devices due to 
their wave length scale large size. 
 
Our attention was later tended to ferroelectric thin film tunable devices. For the 
purpose of proper design and simulation, the permittivity of the thin film must be 
measured accurately in the first place. We chose the simple interdigital capacitor 
measurement method. However, the fabrication and measurement technique at that 
time in our lab always introduce large conductor loss error in the test result. Therefore, 
the conductor loss was analyzed using perturbation method and found to be an 
equivalent constant serial resistance. The results of permittivity with conductor loss 
subtracted showed reasonable values and was used in the later modeling of other 
ferroelectric tunable devices. 
 
A ferroelectric tunable phase shifter was developed. The phase shifter was based on 
the most commonly used transmission line structure. Periodically loaded ferroelectric 
coplanar varactors in a transmission line allow propagation constant and character 
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impedance to be tunable. High temperature superconductor was used as conductor 
layer to furthest reduce the conductor loss. The overall performance of the phase 
shifter is quite acceptable except the low tunability. 
 
The low tunability at low bias voltage is the main problem in our development of the 
ferroelectric tunable devices with coplanar varactors. The tunability could be 
improved by reducing the inter-conductor gap of the coplanar varactors or replacing 
them with parallel plate varactors. Both methods are of technical difficulty for us. 
Therefore, we designed a combo structure varactor to achieve high tunability with 
minimum fabrication difficulty. The structure utilized very thin high resistivity 
conductor films as DC bias electrodes. Theoretical analysis showed that these DC 
electrodes should be transparent to microwave. A prototype was fabricated and tested. 
The experiment results showed encouraging high tunability. However, the low quality 
factor still remains a problem. Further study on this aspect is in progress. 
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Appendix A Conformal mapping modeling of IDC 
 
For a general ferroelectric IDC with two dielectric layers, following quantities are 
used for the calculation. The substrate has permittivity of 1ε  and thickness of , the 
ferroelectric thin film has permittivity of 
1h
2ε  and thickness of , the external finger is 2h
12s  wide, the inter-finger gap is 2g  wide, the internal finger is 2s  wide and l  long, 




Firstly, the capacitance could be divided into three parallel parts: the capacitance from 
the two outermost finger gaps , the capacitance from the inner  fingers  if 
the fingers number , and the capacitance from all the fingers’ ends. 
3C 3n − nC
3n >
3 n endC C C C= + +                                                  (A.1) 
Using the conformal mapping method and approximating the contribution from air, 
substrate, and ferroelectric thin film as parallel capacitance, following formulas of 
capacitance could be derived. 
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21 ,     0,1,2iend iendk k i′ = − =                                  (A.17) 
()K  is the complete elliptic integral of the first kind. x  is the length of the finger end 
which contributes to the . For long finger length ( ), endC 2l s  0.5x s=  could leads to 
agreeable results with simulation and experiment. Using above equations, the 
permittivity of the ferroelectric thin film could be calculated from the measured 
capacitance of the IDC and all the required structure dimensions.  
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 Appendix B Hermetic casing of HTS microstrip devices 
 
The design of the casing follows the previous work in CSMM, which is described in 
detail in the reference [2] of Chapter 1. The casing consists of a circuit holding box 
and a cover for sealing. Both parts were tooled from brass chunks, following the 
mechanical drawing shown in Fig. B.1. Commercially available SMA launchers with 
hermetic drop-in glass seal were used for the rf and dc input/output. Two pieces of 
 microstrip made from commercial PCB were used as bridges between the SMA 
connectors and the HTS circuit. The SMA launcher pin was soldered to one end of the 
microstrip using soldering cream, while the microstrip input/output on the circuit 
substrate was connected to the other end through a gold ribbon by resistive welding 
using a ribbon bonding machine, which is the same technique used for bonding a gold 
wire connecting the DC pins and the fan stabs in the circuit. All the involving regions 
of the HTS microstrips and fan stabs were coated with gold. The ground surfaces of 
the PCB microstrips and the HTS substrate were glued to the box with silver paste to 
achieve minimum ground discontinuity. In the end, the box was hermetically sealed 
by an Indium wire between the box and the cover in a 99% Helium atmosphere. The 






Fig. B.1 Mechanical drawing of the casing, (a) the box, and (b) the cover. 
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Fig. B.2 Photograph of the finished phase shifter. 
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